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A t echn ique  to  measu re  r emote ly  sea - su r face  t empera tu re  and  sa l in i ty  was 
demonstrated w i t h  a dual-frequency microwave radiometer  system.  Accuracies i n  
temperature  of  lo  C and i n  s a l i n i t y  o f  1 par t  per  thousand ( O / O O )  f o r  s a l i n i t y  
greater than 5 o / o o  were a t t a i n e d  after c o r r e c t i n g  f o r  t he  in f luence  o f  ex t r a -  
terrestr ia l  background rad ia t ion ,  a tmospher ic  rad ia t ion  and  a t tenuat ion ,  sea- 
sur face  roughness ,  and an tenna .  beamwidth. The rad iometers ,  opera t ing  a t  l .43 
and 2.65 GHz, comprise a th i rd-genera t ion  sys tem us ing  nul l  ba lanc ing  and  feed- 
back noise  in jec t ion .  F l igh t  measurements  f rom an  aircraft  a t  a n  a l t i t u d e  o f  
1.4 km over  t h e  lower Chesapeake Bay and c o a s t a l  areas of t h e  A t l a n t i c  Ocean 
r e s u l t e d  i n  c o n t o u r  maps o f  s ea - su r face  t empera tu re  and  sa l in i ty  w i t h  a s p a t i a l  
reso lu t ion  of  0 .5  km. 
INTRODUCTION 
Measurements  of  ocean temperature  and sal ini ty  are u s e f u l  f o r  s t u d y i n g  t h e  
c i r c u l a t i o n  i n  bay areas a n d  t r a c i n g  r i v e r  o u t f l o w .  I n  p a r t i c u l a r ,  e s t u a r i e s ,  
as described by  Thomann (ref.  11, are areas of  considerable  dynamic  change  in 
water t empera tu re  and  sa l in i ty ,  be ing  areas of mixing between fresh and ocean 
water. A d i s turbance   o f  t h e  s ta tus   quo ,   caused  f o r  example by hu r r i canes ,  
d roughts ,  or extreme hot  or cold  spe l l s ,  can cause severe stress on e s t u a r i n e  
i n h a b i t a n t s  ( re f .  I ) .  Also,  maps of  ocean  temperature are u s e f u l   f o r   t r a c i n g  
current  systems such as t h e  Gulf Stream. Some ocean f i s h  t e n d  t o  s w i m  a long  
oceanic  isotherms a t  c e r t a i n  times, so t h a t  a knowledge  of  temperature  can 
assist i n  the i r  l o c a t i o n .  
Because the  microwave emission of ocean water is dependent on temperature 
and s a l i n i t y  (ref.  11, it is p o s s i b l e  t o  u t i l i z e  microwave radiometers  to  sense 
sea-sur face  tempera ture  and  sa l in i ty  remote ly .  The emission is more  dependent 
on s a l i n i t y  a t  lower microwave frequencies and more dependent on temperature  a t  
higher microwave frequencies .   Thus,  a system  comprising two  microwave  radiome- 
t e rs  ope ra t ing  a t  1.43 and 2.65 GHz can provide remote measurement of both param- 
eters.  The use of  a dual-frequency  microwave  radiometer  system has an advantage 
ove r  o the r  t ypes  o f  r emote  sens ing  in s t rumen t s  i n  t h a t  i t  can  opera te  a t  n i g h t  
and  probe  through  c louds.   Previously  reported (ref.  2 )   measu remen t s   o f   s a l in i ty ,  
ob ta ined  w i t h  a s ingle- f requency  microwave rad iometer ,  had a root-mean-square 
accuracy of 2 t o  3 100; however,   low-alt i tude  measurements wi th  a n  i n f r a r e d  
radiometer  were requ i r ed  to  ob ta in  sea - su r face  t empera tu re .  
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I n  t h i s  r e p o r t ,  a dual-frequency microwave radiometer system is described 
a long  w i t h  t h e  n e c e s s a r y  c o r r e c t i o n s  t o  t h e  rad iometer  apparent  tempera ture  for  
var ious  a tmospheric   and  sea-surface effects.  Although these c o r r e c t i o n s  are 
small, they  are n e c e s s a r y  f o r  a c c u r a t e  i n v e r s i o n  o f  t he  measurements t o  o b t a i n  
sea - su r face  t empera tu re  and  sa l in i ty  to  t he  desired accuracy of l o  C and 1 100. 0 
SYMBOLS 
emissivity  at  nadir of calm  sea  surface,  dimensionless 
emissivity  of  sea  at  molecular  temperature Ts for  viewing  angle 8, 
dimensionless 
emissivity  at  wavelength X, dimensionless 
values  of  sea-surface  temperature or salinity 
frequency, GHz 
aircraft  measurement  altitude, km 
antenna  power  pattern,  dimensionless 
salinity,  parts  per  thousand ("/,,) 
average  physical  temperature  of  intervening  atmosphere, K 
equivalent  antenna  temperature, K
terrestrial sky brightness  temperature  at  viewing  angle 8, K 
sea-surface  brightness  temperature, K
total  extraterrestrial  background  radiation  temperature, K 
thermal  component  of  cosmic  background  radiation, K 
galactic  noise  temperature, K
equivalent  atmospheric  noise  temperature  at  altitude h, K 
radiometer  apparent  temperature, K
average  apparent  temperature, K 
sea-surface  molecular  temperature, K 
atmospheric  physical  temperature  at  altitudes z and  viewing 
angle 8, K 
total  correction  to  radiometer  apparent  temperature, K 
antenna  pattern  temperature  correction, K 
*TU sea-sur face   roughness   t empera ture   cor rec t ion ,  K 
W wind speed,  m/sec 
X i  r e g r e s s i o n   c o e f f i c i e n t s  (see eq .   (23) )  
Z a l t i t u d e ,  km 
a a tmospher i c   abso rp t ion   coe f f i c i en t ,   d imens ion le s s  
m l )  antenna beam e f f i c i e n c y  a t  41, dimensionless  
e viewing  a le  f rom  nadir ,  rad 
x wavelength, cm 
T ( h )  a tmospher ic   opac i ty  a t  a l t i t u d e  h ,  dimensionless  
TO t o t a l  one-way a tmospher ic   opac i ty ,   d imens ionless  
T ( Z )  a tmospher ic   opac i ty  a t  a l t i t u d e  z ,  dimensionless  
4 an tenna   pa t t e rn   ang le   f rom  nad i r ,  rad 
91 antenna half-beamwidth for   98-percent  beam e f f i c i e n c y ,   r a d  
Supe r sc r ip t s :  
L 1.43 G H z  or  L-band 
S 2.65 G H z  o r  S-band 
DESCRIPTION OF RADIOMETER SYSTEM 
The L-band (1.43 G H z )  and S-band (2.65 G H z )  rad iometers  used  in  t h i s  inves-  
t i g a t i o n  are th i rd-genera t ion ,   advanced ,  switched rad iometers .  The des ign  of 
these radiometers  is based on t h e  a p p l i c a t i o n  o f  two concepts  ( ref .  3) t o  t h e  
switched-input- type  receiver   introduced by Dicke ( r e f .  4 ) .  The first concept  
is t o  e q u a l i z e  t h e  temperature  of  the  re ference  noise  source  a t  t he  c i r c u l a t o r  
switch wi th  the  t e m p e r a t u r e  o f  t h e . l o s s y  microwave components between t h e  antenna 
terminal  and t h e  r e c e i v e r  i n p u t .  T h i s  temperature  is maintained  extremely con- 
s t a n t  (50.03 K). The second  concept is t o  u s e  a feedback l o o p  t o  i n j e c t  p u l s e d  
p o r t i o n s  o f  a cons t an t  no i se  sou rce  ( ava lanche  d iode )  i n to  t he  r ece ived  no i se  
power a t  t h e  a n t e n n a  t e r m i n a l s  t o  e q u a l i z e  t he  n o i s e  power a t  bo th  inpu t s  o f  t he  
c i r c u l a t o r  switch. The pulse   f requency,   which  determines t he  average   va lue   o f  
in jec ted  noise  power ,  is a measure of t h e  n o i s e  power ( r a d i a t i o n )  r e c e i v e d  by 
the  an tenna .  A s  a r e s u l t  o f  these two design  improvements, t he  rad iometers  are 
nea r ly  independen t  o f  ga in  va r i a t ions  and  e r ro r s  tha t  are con t r ibu ted  by f r o n t -  
end l o s s e s .  The r a d i o m e t e r s  t h e r e f o r e  e x h i b i t  t he  l o n g - t e r m  s t a b i l i t y  that  is 
necessary  to  achieve  absolu te  br ightness  tempera ture  measurements  to  wi th in  a 
few t e n t h s  k e l v i n .  The s t a b i l i t y  a l s o  e l i m i n a t e s  t h e  need f o r  p e r i o d i c  calibra- 
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t i o n  c y c l e s  and the  r e s u l t i n g  l o s s  o f  data. The S-band radiometer ,  described i n  
d e t a i l  i n  r e f e r e n c e  3,  has a supe rhe te rodyne  r ece ive r .  The L-band rad iometer ,  
developed a t  t h e  NASA Langley Research Center ,  is similar t o  t he  S-band radiome- 
ter except  tha t  t h e  L-band radiometer  has a d i r e c t - t y p e  r e c e i v e r ;  t h a t  is, i t  
has no mixer and intermediate-frequency (IF') sect ion. .  
A s impl i f ied  block diagram of  the radiometer  system is shown i n  f i g u r e  1. 
The r a d i a t i o n  r e c e i v e d  by the antenna has the  i n j e c t e d  n o i s e  added t o  i t .  The 
c i r c u l a t o r  switch then switches between t h i s  sum of  no i se  power and t h a t  of t h e  
matched te rmina t ion  which is a t  the  re ference   t empera ture .  The c i r c u l a t o r  
switch output  is ampl i f ied  by the  rece iver ' s  low-noise  parametric ampl i f ie r  and  
detected by a square- law detector .  The de tec to r  ou tpu t  i s  demodulated i n  syn- 
chronism with the  c i r c u l a t o r  switch t o  produce a v o l t a g e  d r i v i n g  t h e  vol tage-  
to-frequency  converter .  The output   s igna l   f rom t h e  voltage-to-frequency  conver- 
ter is used  to  gate t h e  n o i s e  i n j e c t i o n  p u l s e  d r i v e r  which a d j u s t s  the  i n j e c t e d  
no i se  power l e v e l  t o  a c h i e v e  a n u l l  a t  t he  output .  Gat ing  the  no i se  sou rce  wi th  
constant-width pulses  produces a l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  pulse  f requency  
and the  ave rage  in j ec t ed  no i se .  It is t h i s  l i n e a r i t y  t h a t  a l lows  accu ra t e  mea- 
surement over a wide range of b r i g h t n e s s  t e m p e r a t u r e s  ( t y p i c a l l y  303 K). F i n a l l y  
the  output  data are r e c o r d e d  i n  d ig i ta l  form on magnetic tape and i n  a n a l o g u e  
form on a s t r i p - c h a r t  r e c o r d e r .  I n  b o t h  cases, even s l i g h t  v a r i a t i o n s  i n  t h e  
re ference   t empera ture  are reco rded  fo r  co r rec t ion  o f  t h e  output  data. The 
S-band and L-.band rad iometers  have  reso lu t ions  of  k0.08 K and kO.09 K ,  respec- 
t i v e l y ,  and w i t h  su i t ab le  ca l ib ra t ion ,  bo th  have  an  abso lu te  accu racy  o f  better 
than  k0.2 K. 
The output  data of  both radiometers  are c o n v e r t e d  t o  d i g i t a l  form by a data 
processor developed a t  t h e  NASA Langley Research Center .  The p rocesso r  a l so  
condi t ions and formats  t h e  housekeeping data from other  sources  that  are neces- 
s a r y  f o r  the reduct ion of  t h e  rad iometr ic  data, such as f l i g h t  parameters, time, 
l a t i t u d e ,  and long i tude .  The data recorded'  on d ig i t a l  magnetic tape are a l s o  
d isp layed  as L-band and S-band radiometer  apparent  temperature  by t h e  data pro- 
ces so r .  The data processor  is capable   of   adjust ing  measurement   integrat ion times 
independent  of t h e  r a d i o m e t e r  s e t t i n g s .  T h i s  c a p a b i l i t y  p r o v i d e s  a n  e f f i c i e n t  
way t o  adapt  t h e  o v e r a l l  i n t e g r a t i o n  time t o  the  a i rcraf t  a l t i t u d e  and measure- 
ment spat ia l  reso lu t ion '  (an tenna  ha l f -power  footpr in t  s ize) .  
MICROWAVE BRIGHTNESS  TEMPERATURE OF THE SEA 
Quant i ta t ive measurements  of the thermal emission from t h e  sea surface 
r e q u i r e  c o r r e c t i o n s  f o r  the  r a d i a t i v e  a n d  t r a n s m i s s i v e  p r o p e r t i e s  o f  t h e  i n t e r -  
vening atmosphere and sky, antenna beam ef f ic iency ,  and  sea-sur face  roughness .  
A t  the  measurement  wavelengths  of 11 and 21 cm, there are f o u r  p r i n c i p a l  atmo- 
s p h e r i c  and sky effects which must be considered:  
( 1 )  Cosmic background radiat ion 
(2) Radiation from galactic and discrete celest ia l  r ad io  sou rces  
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( 3 )  Attenuation  from  oxygen  and  water  vapor 
( 4 )  Radiation  from  the  Sun 
It  has  long  been  known  that  the  Earth's  atmosphere is ssentially  transpar- 
ent  to  transmission  of  electromagnetic  radiation  at  frequencies  of 1 t  3 GHz.  
Extensive  work  over  the  years  on  microwave  signal  propagation  through  the  atmo- 
sphere  at  centimeter  wavelengths  has  indicated  that  the  influence  of  clouds is 
small  at  these  frequencies  except  under  very  severe  storm  conditions.  An  added 
factor  for  consideration  is  that  the  background  galactic  noise  tends  to  decrease 
substantially as  frequencies  increase  beyond  about 1 G H z .  Therefore,  the  fre- 
quency  regime  from 1 to 3 GHz is  a  well-suited  choice  for  minimizing  the  effects 
of  extraterrestrial  background  radiation  and  atmospheric  interference. 
Despite  these  advantages,  accurate  surface  temperature  measurement  by  air- 
borne  radiometers  in  this  microwave  region  requires  detailed  knowledge  of  these 
effects  for  correcting  the  instrumental  observations.  The  corrections  to  the 
measured  brightness  temperature  of  the  ocean  surface  can  still  be  of  the  order 
of  a  few  kelvins  and  therefore,  must  be  taken  into  account.  The  apparent  tem- 
perature  TR  (which  may  also  be  .called  the  equivalent  radiometric  temperature 
of  the  complete  set  of  received  radiations)  is  calculated  from  the  equation  of 
radiative  transfer  by  making  use  of  the  Rayleigh-Jeans  approximation  to  the 
Planck  law: 
f 
where 
h  altitude  of aircraft 
TC  total  extraterrestrial  background  radiation  temperature 
T ( z , 8 )  temperature  of  atmosphere  at  altitudes z and  viewing  angle 0 
Cr(8,z)  atmospheric absorption coefficient .at z and 8 
The  first  term in equation ( 1 )  comprises  the  temperature  of  the  downward  radia- 
tion  of  the  extraterrestrial  noise,  attenuated  by  the  entire  atmosphere,  and  the 
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downward r a d i a t i o n  o f  the atmosphere i t se l f ,  reflected by the  ocean surface and 
i n  t u r n  a t t e n u a t e d  by the intervening atmosphere between t h e  ocean and radiome- 
ter .  The second term a c c o u n t s  f o r  t h e  a t tenuated  emiss ion  f rom the  ocean sur -  
face: The t h i r d  term a c c o u n t s  f o r  t h e  upward emission of t h e  atmosphere between 
the  ocean and the radiometer. 
S ince  the an tenna  ga in  pa t t e rn  fo r  most radiometers is h i g h l y  d i r e c t i o n a l  
and fa l l s  o f f  r a p i d l y  w i t h  i n c r e a s i n g  8 ,  a h o r i z o n t a l l y  stratif ied atmosphere 
model  can be used to  approximate equat ion ( 1 )  by r e p l a c i n g  t h e  n e s t e d  i n t e g r a l s  
with o p a c i t i e s :  
+ e(B,Ts)Ts  exp  [--r(h) sec e] + Ah ~ ( z )  exp  [--c(z) sec sec e dz 
(2) 
where T~ is t h e  t o t a l  one-way opaci ty   of  t h e  atmosphere  and T ( h )  and T ( z )  
are the  o p a c i t i e s  a t  a l t i t u d e s  h and  z. 
The e x t r a t e r r e s t r i a l  background radiation (Tc)  c o n s i s t s  of g a l a c t i c  n o i s e  
(Tgal), the thermal component of  cosmic  background r a d i a t i o n  (TGOs), and emis- 
s i o n  from s t rong  rad io  sources  such  as t h e  Sun. S ince  t h e  Sun 1s a poin t  source ,  
i ts  cont r ibu t ion  depends  s t rongly  on the antenna viewing angle ,  the  Sun's  posi-  
t i o n ,  t h e  a n t e n n a  p a t t e r n ,  and t h e  roughness  of t h e  sea s u r f a c e .  However, as 
expla ined  subsequent ly ,  t h e  Sun ' s  con t r ibu t ion  was considered t o  be n e g l i g i b l e .  
Therefore ,  
Tc = Tcos + Tgal ( 3 )  
The galactic r a d i a t i o n  component i nc ludes  on ly  tha t  p o r t i o n  o f  t h e  g a l a c t i c  
r a d i a t i o n  e n t e r i n g  v e r t i c a l l y  i n t o  t h e  measurement area. The galactic s e c t o r  
6 h o u r s  t o  9 hours  r igh t  a scens ion  and 2 7 O  t o  47O d e c l i n a t i o n  was overhead dur- 
i n g  the  time of measurement and within the 20° antenna beam coverage. The t h e r -  
mal con t r ibu t ion  o f  t he  galaxy is determined by a c u r v e - f i t t i n g  method suggested 
i n  r e f e r e n c e  5 .  The equiva len t  exo-a tmospher ic  tempera ture  in  ke lv ins  of  t h e  
g a l a c t i c  r a d i a t i o n  f rom the  spec i f i ed  ga l ac t i c  s ec to r  du r ing  the  measurement 
per iod is 
where f is the f r equency   i n  GHz. The cosmic  background r a d i a t i o n  Tcos i s  
frequency independent over t h e  microwave  band (ref.  6 )  and is equal t o  2.7 K .  
For the  c lear  a tmosphere ,  water vapor and molecular oxygen are t he  major 
s o u r c e s  o f  a t t e n u a t i o n  i n  t h e  microwave r eg ion .  A t  f r equenc ie s  of 1.43  and 
2.65 GHz, a t t e n u a t i o n  due t o  water vapor is about  an order of magnitude less  
than  t h a t  due to  molecular  oxygen.  Since t h e  t o t a l  o p a c i t y  of the  atmosphere 
is only of  the  order of 0.01, i t  is s u f f i c i e n t  t o  cons ider  the  abso rp t ion  due 
to  molecular  oxygen  alone. The 'br ightness   temperature  Tat* of the terrestrial 
sky at  zenith angle 8 is 
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which c o n t a i n s  the atmospheric  term of  equat ion  (2) .  It has been  measured for 
the clear atmosphere a t  2.65 GHz (ref. 7). These o b s e r v a t i o n s  i n d i c a t e d  t h a t  
t he  zen i th  b r igh tness  t empera tu re  and ,  t he re fo re ,  t h e  o p a c i t y  o f  t h e  c l o u d l e s s  
terrestrial  sky, are c o n s i s t e n t  w i t h  the p r e d i c t i o n s  of t h e  Van Vleck-Weisskopf 
model f o r  oxygen absorption. The measurements a t  2.65 GHz g i v e  2.2 K f o r  t h e  
zeni th   sky  temperature   and a v a l u e   f o r  T~ of 0.0091. For  1.43 GHz, t h e  theo ry  
p r e d i c t s   v a l u e s  of 2.1 K and 0.008 f o r  T a t m  and T ~ ,  r e s p e c t i v e l y .  The term 
e(8,Ts)Ts of equat ion  (2) may be  rep laced  by the sea-surface br ightness  temper-  
a t u r e  TB. 
Because -c0 and  T(h)  are very  small, t h e  exponent ia l  terms of  equa- 
t i o n  (2) may be approximated by 
exp [-T sec 03 = I - T sec 8 
Also, by cons ider ing  t h a t  t h e  measurements of t h i s  i n v e s t i g a t i o n  were taken 
a long  the n a d i r  (i . e . ,  0 = 0) , sec 0 i n   e q u a t i o n   ( 6 )   c a n  be set 
A f u r t h e r  s i m p l i f i c a t i o n  is made by eva lua t ing  t h e  one-way opac i ty  
sea surface and the  radiometer  antenna as 
and t h e  equiva len t  no ise  tempera ture  of  t h e  intervening atmosphere 
t o  u n i t y .  
between the  
as 
(8 )  
.Equation (8 )  is the last term of   equat ion  ( 2 )  w i t h  sec 8 = 1. The atmospheric  
opac i ty  or a t t e n u a t i o n  T ( h )  and   equiva len t   no ise   t empera ture  To(h)  of  t h e  
1962 U.S. Standard Atmosphere a t  1.43 and 2.65 GHz f o r  d i f f e r e n t  a l t i t u d e s  are 
shown i n  f i g u r e  2 .  F i g u r e  2 a l s o  shows t h a t  a t  a l t i t u d e s  less than  2 km, t h e  
o p a c i t y  T ( h )  is approx ima te ly   l i nea r  w i t h  a l t i tude ,   having   va lues   o f   approxi -  
mately  0.00136h  and  0.00154h a t  1.43  and  2.65 GHz, r e s p e c t i v e l y .  The r i g h t  
s ide of   equa t ion  (8)  c a n   ( f o r  h < 2.5 km) be approximated by (T) T ( h )  where 
(T) is t h e  averaged  physical   temperature  of t h e  intervening  a tmosphere  between 
the radiometer and t h e  sea s u r f a c e .  
term 
t i o n  
TR = 
By apply ing  t h e  preceding approximations 
e ( O , T s )  wi th  e ( t h e  n a d i r   e m i s s i v i t y  
(2 )  simplifies t o  
and  de r iva t ions  
of  t h e  calm sea 
and replacing t h e  
s u r f a c e ) ,  equa- 
Unless the sea s u r f a c e  is p e r f e c t l y  smooth (no waves), a sur face  roughness  cor -  
r e c t i o n  (ATw) is necessary  a t  some microwave f r equenc ie s  because  o f  t he  depen- 
dence of  emissivi ty  on roughness .  For t he  exact measurement of the  apparent  
temperature ,  t he  antenna  should  have a l lpenci l l l  beam p a t t e r n .  S i n c e  t h i s  i s  
imposs ib l e  to  ach ieve ,  an  an tenna  pa t t e rn  co r rec t ion  (ATp) must be made ( ref .  8) .  
Adding these two a d d i t i o n a l  c o r r e c t i o n s  t o  e q u a t i o n  ( 9 )  r e s u l t s  i n  
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+ T(h)  (T) +  AT^ +  AT^ (10) 
The sea-surface  roughness   can be  e x p r e s s e d  i n  terms o f  wind speed w. On 
the b a s i s  of p r i o r  f l i g h t  data obtained wi th  t h e  S-band radiometer  (ref.  91,  
t h e  wind speed correction a t  2.65 GHz was found t o  be 0. 56w0-53. No c o r r e c t i o n  
for sur face  roughness  due  to  wind speed a t  1.43 G H z  is inc luded  because  recent  
data indicate t h a t  i t  is n e g l i g i b l e  a t  t h i s  f requency (ref.  10) .  
The an tenna  pa t t e rn  co r rec t io l l  is obta ined  by eva lua t ion  o f  t he  antenna 
t e m p e r a t u r e  i n t e g r a l s  (ref.  9 )  , 
where the  antenna  temperature  Ta is the  equiva len t   t empera ture   o f  t he  radia- 
t i o n  i n c i d e n t  w i t h i n  t he  antenna beamwidth (241) p l u s  t he  r a d i a t i o n  i n c i d e n t  
o u t s i d e  t h i s  beamwidth, T R ( ~ )  is the  apparent  emp.erature of t he  sea s u r f a c e  
i n  t he  d i r e c t i o n  4 from the nadi r ,   and  P(4) is the  antenna power p a t t e r n .  
The antenna beamwidth 241 f o r  a 98-percent antenna beam e f f i c i e n c y  was 50° i n  
t h i s  case. The first term i n  e q u a t i o n  ( 1 1 )  is by d e f i n i t i o n  t h e  antenna beam 
e f f i c i e n c y  rl(o1).  For antennas  w i t h  high beam e f f i c i e n c i e s ,  s u c h  as those  of 
t h e  L- and S-band radiometer  system, equat ion  ( 1 1 )  may be approximated by 
where (TR) is the average  apparent   emperature   f rom  radiat ion  present   outs ide 
the  antenna beamwidth. The a n t e n n a  p a t t e r n  c o r r e c t i o n  is then 
Evalua t ion  of  equat ion  (13)  f o r  the 2.65-GHz antenna is described i n  de ta i l  i n  
r e f e r e n c e  9 and was found to  y i e l d  0.4 K.  A similar eva lua t ion  was performed 
wi th  t he  a i d  o f  t he  1.43-GHz a n t e n n a  p a t t e r n s  shown i n  r e f e r e n c e  11 and  r e su l t ed  
i n  an an tenna  pa t te rn  cor rec t ion  of  0 .14  K.  
The r e s u l t s  o f  e v a l u a t i o n  o f  a l l  unwanted c o n t r i b u t i o n s  t o  the  observed 
temperature  ( radiometer  apparent  temperature)  are listed i n  table I fo r  both 
frequencies .   Using these r e s u l t s  i n  e q u a t i o n  (10)  g i v e s  
T$ = T B ~ [ ~  - Ts(h)] + [l - es][l - TS(h)]5.1 + Ts(h)  CT) + 0 . 5 6 ~ 0 . 5 3  + 0.4 
(14 )  
TRL =. T B L ~  - TL(h)] + [I - eL][1 - ~ L ( h ) ] 5 . 8  + TL(h)  (T) + 0.14 (15) 
where t h e  s u p e r s c r i p t s  S and L refer t o   2 . 6 5  G H z  and  1.43 GHz, r e s p e c t i v e l y ,  
T R ~  and T R ~  are the   respec t ive   rad iometer   apparent   t empera tures ,  h is the 
a9rcraft a l t i t u d e   i n   k i l o m e t e r s ,  and w t he  wind speed   in   meters / second.  Equa- 
t ions  (14)  and  (15) may be used  wi thou t  a f f ec t ing  t h e  measurement accuracy i f  
a 
(1)  measurement is i n  n a d i r  d i r e c t i o n ,  (2 )  there is no p r e c i p i t a t i o n ,  ( 3 )  t h e  
rad iometers  are opera ted  a t  microwave f r equenc ie s  lower  than  3 GHz, (4) t h e  
a l t i t u d e  o f  the rad iometers  is low (less than 2.5 km), and (5)  t he  Sun is low 
i n  t h e  sky ( i .e . ,  n e g l i g i b l e  Sun c o n t r i b u t i o n ) .  
Rearranging  equat ions (14)  and (15) g i v e s  
TR' = [1 - ~ ~ ( h ) ]  b~~ + 5. I (  1 - eS)] + Ts(h )  (T) + 0 . 5 6 ~ 0 . 5 3  + 0.4 (16)  
T R ~  = [I - rL(h ) ]  [ T B ~  + 5.8(1 - eL)] + -cL(h) (T)  + 0.14 (17)  
Because t h e  terms 5.1 ( 1 - eS) . and 5.8( 1 - eL) are always small i n  comparison 
w i t h  TgS and T B ~ ,  the  ( 1  - e) terms may be approximated by the  cons t an t  
va lue   o f   0 .65   s ince  t h e  e m i s s i v i t y  e is c l o s e   t o   0 . 3 5 .  Hence, 
T R ~  = TgS + 3.7 + .rs(h)[(T) - TgS - 3.31 + 0.56wO-53 (18)  
T R ~  = TgL + 3.9 + rL(h)[(T) - TgL - 3.81 (19 )  
Within the  bracke t  term only ,  (T> , T B ~ ,  and TgL may normally be approximated 
by 283 K ,  105 K ,  and  95 K ,  r e s p e c t i v e l y .  
Using t h e  express ions  l i s ted  i n  table I f o r  Ts(h) and r L ( h )  and   so lv ing  
f o r  the  br ightness   t empera ture   o f  t h e  sea s u r f a c e  TB r e s u l t  i n  t h e  fo l lowing  
two equat ions  : 
Tgs = TRS - 3.7 - 0.269h - 0 . 5 6 ~ 0 - 5 3   ( 2 0 )  
TgL = T R ~  - 3.9 - 0.251h (21 1 
DETERMINATION OF SALINITY AND SURFACE TEMPERATURE 
FROM MICROWAVE BRIGHTNESS TEMPERATURE 
The br ightness   t empera ture  TB measured  by  an ideal radiometer  is related 
t o  t h e  molecular  temperature  of  a r a d i a t i n g  s u r f a c e  v i a  t he  e m i s s i v i t y  o f  t he  
s u r f a c e .  The emiss iv i ty  o f  a dielectric s u r f a c e  a t  a pa r t i cu la r  wave leng th  is 
determined by its complex dielectr ic  cons t an t  which f o r  sea water is a f u n c t i o n  
only  of  tempera ture  and  sa l in i ty .  Therefore ,  the  br ightness  tempera ture  of t h e  
sea s u r f a c e  i s  given by 
where the  e m i s s i v i t y  e a t  the wavelength X is e x p r e s s e d   i n  terms of s u r f a c e  
temperature  T, and s a l i n i t y  S. P l o t s   o f   b r i g h t n e s s   t e m p e r a t u r e  as a func t ion  
of s a l i n i t y  and sur face  tempera ture  a t  1.43 GHz and 2.65 GHz are g i v e n  i n  f ig- 
u r e s  3 and 4, r e s p e c t i v e l y  (ref. 12) .  These p l o t s  were b a s i c a l l y  d e r i v e d  from 
experimental measurements of the dielectric cons t an t  o f  sea water a t  1.43 GHz 
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(ref. 13) wi th  a few expe r imen ta l  e r ro r s  removed  by u t i l i z i n g  data obtained 
previous ly  a t  2.65 GHz ( r e f .  14 ) .  The frequency  dependency was accounted   for  
by means o f  the Debye equat ion  (ref.  15).  The va lues  on which t h e  family  of 
curves  are based have  publ ished  accuracies  (ref. 12)  of 1 o/oo f o r  s a l i n i t y  
(S greater than 5 ”/,,) and 0.5O C fo r  s ea - su r face  t empera tu re .  
I n   o r d e r   t o   i n v e r t  the  br ightness   t empera tures  TgS and TgL i n   f i g u r e s  3 
and 4 t o   co r re spond ing   va lues   o f  Ts and S,  t he  fo l lowing   r eg res s ion   equa t ion  
was developed : 
where F is e q u a l   t o  either Ts or S depending  on the  se t  o f   r eg res s ion  
c o e f f i c i e n t s  X i  ( l isted i n  table 11) used. 
The r e g r e s s i o n  c o e f f i c i e n t s  were found from input data c o n s i s t i n g  o f  two 
9 by 9 tables of  br ightness  tempera ture  as  a f u n c t i o n  o f  s a l i n i t y  a n d  m o l e c u l a r  
surface temperature;  one table was fo r  2 .65  GHz and t h e  o t h e r  f o r  1 . 4 3  GHz. 
The c o e f f i c i e n t s  X i  were computed so t h a t  t h e  mean-square  error  between  input 
s a l i n i t y  o r  temperature and t h e  co r re spond ing  quan t i ty  computed from equa- 
t i o n  ( 2 3 )  was minimized over the inpu t  data s e t .  
FLIGHT OBSERVATIONS AND COMPARISON WITH SEA-TRUTH DATA 
On August 24, 1976, t h e  L- and S-band radiometer  system was i n s t a l l e d  on 
a NASA C-54 a i rcraf t ,  and a funct ional  check-out  f l i g h t  was conducted from t h e  
NASA Wallops Fl ight  Center  over  t h e  lower part  of t h e  Chesapeake Bay and adja- 
c e n t  A t l a n t i c  Ocean. A f l i g h t  over the  e n t r a n c e  t o  t h e  Chesapeake Bay was 
selected because t h e  mixing of fresh and s a l t  water there s h o u l d  r e s u l t  i n  h igh  
sa l in i ty  g rad ien t s ,  and  in s t rumen t  pe r fo rmance  cou ld  the re fo re  be v e r i f i e d  o v e r  
a wide r a n g e  o f  s a l i n i t y  c o n c e n t r a t i o n .  .The r e s u l t s  are r e p o r t e d  i n  t h e  form 
of  synopt ic  maps o f  s a l i n i t y  and temperature ,  and t h e  data are compared wi th  
sea-truth  measurements.  These sea-truth  measurements were ob ta ined  v i a  t he  
bucket method: water temperature  of  bucket  samples  taken a t  the  surface was 
measured with a thermometer, and samples of t h e  same water were ana lyzed  in  a 
l a b o r a t o r y  f o r  s a l i n i t y  u s i n g  the s i l v e r  n i t r a t e  t e c h n i q u e .  The accuracy  of  
t he  sea-truth measurements was about  0 .1  ’/,, f o r  s a l i n i t y  and about  0 . lo  C 
f o r  water temperature .  
Sea cond i t ions  for  t h e  measurement were f a i r l y  calm wi th  a 3.5-m/sec su r -  
face wind.  During the  test  f l i g h t ,  t h e  data were taken  under   c loudless   but  
hazy atmospheric  condi t ions wi th  the a i rcraf t  i n  l e v e l  f l i g h t  (roll and p i t c h  
less than 2O) at  an a l t i t u d e  o f  1 . 4  km, so  that  a l l  the measurements refer t o  
obse rva t ions  a t  nadir .  During the measurement time period  between 9:OO a.m. 
and 12:OO p.m. EST, the e l e v a t i o n  a n g l e  o f  the  Sun var ied from 410 t o  6 4 0 ,  so 
tha t  there was no Sun cont r ibu t ion  to  the  nadi r  microwave  measurements .  The 
s p a t i a l  r e s o l u t i o n  o f  t h e  measurement, or antenna  ha l f -power  footpr in t  s ize ,  
was 0.5 km. In t roducing  these parameters i n t o  e q u a t i o n s  ( 2 0 )  a n d  ( 2 1 )  r e s u l t s  
i n  
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and 
TgL TR - 4.2 
where T B ~  and TgL are i n   k e l v i n s .  
Both radiometers  were calibrated before  the f l i g h t  by us ing  a s p e c i a l l y  
des igned  l iqu id-n i t rogen  cryogenic  an tenna  load  ( ref .  16)  placed  under  and 
c l o s e l y  c o u p l e d  t o  the antenna.  This  c a l i b r a t i o n  p r o c e d u r e  is r e p o r t e d  f o r  
t he  S-band r ad iomete r  i n  r e fe rence  9. S ince  a l l  the  c o r r e c t i o n s  tha t  were 
a p p l i e d  i n  d e r i v i n g  e q u a t i o n s  ( 2 4 )  and (25)  were t o  some degree inaccura t e  
and there were some i n a c c u r a c i e s  a s s o c i a t e d  wi th  t he  r a d i o m e t e r s  i n  t h e  mea- 
surement  of  microwave br ightness  temperature ,  an error  budget  has been prepared. 
Table I11 lists t h e  p o s s i b l e  e r r o r s  i n  terms of  rad iometr ic  br ightness  tempera-  
t u r e  f o r  each radiometer due to atmospheric and sky emission effects ,  antenna 
beam e f f i c i e n c y   c o r r e c t i o n ,   c a l i b r a t i o n ,   a n d   i n s t r u m e n t   s t a b i l i t y .   I n c l u d e d  
a l s o  is the  tempera ture  reso lu t ion  ( i . e . ,  r e l a t i v e  a c c u r a c y )  f o r  a 1-second 
i n t e g r a t i o n  time and 100-MHz bandwidth for  t h e  S-band radiometer and 60-MHZ 
bandwidth f o r  t he  L-band rad iometer .  
The measured radiometric data, t oge the r  w i t h  l a t i t u d e  and longi tude coordi-  
na tes  f rom the  a i rcraf t ' s  i n e r t i a l  n a v i g a t i o n  s y s t e m ,  were recorded on d i g i t a l  
magnetic tape  and computer  processed according to  equat ions (231,  (241,  and (25) .  
The sea - t ru th  data were obta ined  wi th in  30 minutes of the r ad iomet r i c  data from 
s e v e r a l  l o c a t i o n s  i n  t he  measurement area. These loca t ions  and  t h e  f l i g h t  l i n e s  
used  to  ob ta in  t he  r ad iomet r i c  data are shown in  f igu re  5 .  A l though  it had been 
planned to  have t h e  s e a - t r u t h  l o c a t i o n s  c o r r e s p o n d  t o  t h e  f l i g h t  l i n e s ,  a n  accum- 
u l a t i v e  d r i f t  o f  abou t  0 .2  minu te  in  l a t i t ude  per f l i g h t  l i n e   i n  t he  i n e r t i a l  
navigat ion  system  during the  measurement  prevented t h i s .  A sample s e c t i o n  of 
t h e  raw analogue data taken along the  first f l i g h t  l i n e  (37O16' l a t i t u d e )  and 
ove r   s ea - t ru th   l oca t ion  1 is shown i n   f i g u r e   6 .  The f l u c t u a t i o n s   o f  T R ~  and 
T R ~  around the mean va lues  r ep resen t  the f i n e  s t r u c t u r e  o f  s a l i n i t y  a n d  tempera- 
t u r e  v a r i a t i o n s ,  s i n c e  t h e  br fghtness  tempera ture  reso lu t ions  of  bo th  rad iometers  
are less than  0.1 K .  It is obvious  from t h e  data traces t h a t  T R ~  is much more 
r e s p o n s i v e  t o  s a l i n i t y  g r a d i e n t s  b e t w e e n  t h e  Chesapeake Bay and t h e  A t l a n t i c  
Ocean than T R ~ .  The n e c e s s a r y   c o r r e c t i o n s  AT,Sor and AT&or l i s t e d  i n  table I 
and incorpora ted  in  equat ions  (24)  and  (25)  are i n d i c a t e d  a t  sea- t ru th  loca-  
t i o n  l .  The r e s u l t i n g   b r i g h t n e s s   t e m p e r a t u r e s  TgS and TgL are converted 
i n t o  a s a l i n i t y  o f  18 o / o o  and a . tempera ture  of  24.6O C v i a  t he  r eg res s ion  equa- 
t i o n  (23) .  These va lues  d i f f e r  from the sea - t ru th  su r face  measurement by less 
than the  target accuracy  of 1 o / o o  and l o  C. 
A comparison of the  radiometr ical ly  measured values  of  surface temperature  
and s a l i n i t y  wi th  those  taken  a t  the  s e a - t r u t h  l o c a t i o n s  is shown i n  f i g u r e  7 .  
Th i s  f i g u r e  shows a section of computer-derived remote measurements as a func- 
t i o n  o f  l a t i t u d e  a n d  l o n g i t u d e  i n  t h e  area of  t he  surface measurements along 
with t h e  va lues  of  t h e  cor responding  sea- t ru th  data. Data p o i n t s  which were 
unusable  because  of  rad io  in te r fe rence  f rom loca l  radar or t he  presence of  land 
are ind ica t ed  by the  symbol X.  Several   surface  measurements  were taken  around 
s e a - t r u t h  l o c a t i o n  10 t o  d e t e r m i n e  v a r i a t i o n  o f  t he  s e a - t r u t h  data i n  a g iven  
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small wea. Since  the f l i g h t  l i n e s  d i d  not  a lways  co inc ide  wi th  t h e  s e a - t r u t h  
l o c a t i o n s ,  a compara t ive  ana lys i s  of  t h e  measu red  r e su l t s  w i th  t h e  s e a - t r u t h  
data r equ i r ed  some arithmetic averaging  of  the  measured data i n  t he  v i c i n i t y  
of  the s e a - t r u t h  l o c a t i o n s .  The v a l u e s  f o r  s a l i n i t y  a n d  s u r f a c e  t e m p e r a t u r e  
are compared with the  cor responding  sea- t ru th  data i n  table I V .  It should be 
noted tha t  t h e  s e a - t r u t h  data shown f o r  l o c a t i o n  '10 are mean v a l u e s  o f  t h e  
several   measurements.   Also,  no comparison was made f o r  l o c a t i o n  11,. as t h e  radi- 
ometer  measurements there were inf luenced  by t h e  presence of  land.  The r e s u l t -  
i n g  e r r o r  mean deviat ion of  -0 .52 ,/,, and 0.55O C a n d  e r r o r  s t a n d a r d  d e v i a t i o n  
of 0.92 oleo and 0.590 C f o r  s a l i n i t y  and su r face  t empera tu re ,  r e spec t ive ly ,  
seem t o  i n d i c a t e  t h a t  the desired accuracy of  1 o / o Q  f o r  s a l i n i t y  and l o  C f o r  
temperature  was achieved,  a l though only a 50-percent  conf idence  fac tor  can  be 
app l i ed  to  these  dev ia t ions  because  o f  the small number of  data p o i n t s  f o r  
comparison. 
The c a l c u l a t e d  v a l u e s  o f  s a l i n i t y  a n d  s u r f a c e  temperature were p l o t t e d  as 
a func t ion  o f  geograph ic  pos i t i on .  A contour  map of t h e  s a l i n i t y  d i s t r i b u t i o n  
i s  shown by i s o h a l i n e s  i n  2 O/,, i n c r e m e n t s  i n  f i g u r e  8. It can be seen  from 
the  f i g u r e  t h a t  t he  higher s a l i n i t i e s  i n d e e d  e x i s t  i n  t h e  ocean and are reduced 
cons iderably  by mixing w i t h  fresh water o u t f l o w  i n  t h e  bay reg ion .  Evident ly  
t h e  ocean water w i t h  i ts h i g h e r  s a l i n i t i e s  is pushed i n t o  t h e  no r the rn  part of 
t h e  Chesapeake Bay en t r ance  by t i d a l  effects and up t h e  i n s i d e  o f  the Delmarva 
Peninsula .  The l o w e r  s a l i n i t y  bay waters f low south  out  t h e  southern part  of 
the  bay e n t r a n c e  i n t o  t h e  ocean, because of C o r i o l i s  f o r c e s  ( p r i v a t e  communica- 
t i o n  wi th  B. Boicourt ,  C B I ,  Johns  Hopkins  Univ.,  Baltimore, Md., 1976).  A con- 
t o u r  map of  t h e  su r face  t empera tu re  in  20 C increments  i s  shown i n  f i g u r e  9 .  
The c o o l e r  t e m p e r a t u r e s  e x i s t  i n  t he  ocean and are inf luenced  by t h e  warmer tem- 
pe ra tu res  o f  t he  fresh water o u t f l o w  i n  t h e  region of  mixing.  The f i n e  s t r u c -  
tu re  of  sur face  tempera ture  caused  by upwe l l ing ,  hea t ing  in  sha l low waters by 
the  Sun ' s  r ad ia t ion ,  and  ou t f low o f  r ive r s  i s  a v e r a g e d  i n  o r d e r  t o  show the  
gene ra l   t empera tu re   d i s t r ibu t ion .  Again, a southern  outf low  of  t h e  warmer 
Chesapeake Bay waters is ind ica t ed .  
CONCLUDING REMARKS 
A dual-frequency (1.43 and 2.65 GHz) radiometer  system was developed t o  
m e a s u r e  s a l i n i t y  t o  1 p a r t  per  thousand ("/,,> ( f o r  s a l i n i t y  greater than  
5 "/,,) and  sea-surface  temperature   to  l o  C .  T h i s  system u t i l i z e d  a n u l l -  
ba l anc ing  f eedback  c i r cu i t  with n o i s e  i n j e c t i o n  f o r  s t a b i l i z a t i o n .  It was 
operated from an aircraft over the lower Chesapeake Bay and  ad jacent  coas ta l  
area of t h e  A t l a n t i c  Ocean t o  map s a l i n i t y  and sea-surface temperature .  To 
o b t a i n  the  stated accurac i e s ,  the  radiometer  data were c o r r e c t e d  f o r  e x t r a t e r -  
restrial  background radiat ion,  a tmospheric  effects,  sea-surface roughness,  and 
antenna beam e f f i c i e n c y .  
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TABLE I.- CORRECTIONS TO RADIOMETER APPARENT TEMPERATURE AT 1.43 AND 2.65 GHz 
Effect 
Cosmic background radiat ion,  
TCOS, K .  . . . . . . . . .  
3 a l a c t i c   r a d i a t i o n ,  Tga l ,  
K . . . . . . . . . . . . .  
Atmospheric  contr ibut ion 
(oxygen) . Tatm,  K . . . .  
Nonideal  ntenna, ATp, 
K . . . . . . . . . . . . .  
Surface  roughness,  ATw, 
K . . . . . . . . . . . . .  
Tota l  a tmosphe r i c  opac i ty ,  
To . . . . . . . . . . . .  
Opacity a t  a l t i t u d e   h ,  
T (h )  . . . . . . . . . . . .  
T o t a l   c o r r e c t i o n   t o  TR,  
ATcOr, K . . . . . . . . .  
Correc t ion  
2.65 GHz 
(S-band) 



















Summarized i n  r e f e r e n c e  6 
3 n l y  f o r  s p e c i f i e d  galactic 
quadran t  acco rd ing  to  
equa t ion   (4 )  
Zons is ten t  wi th  Van Vleck- 
Weisskopf model and 1962 
U.S. Standard  Atmosphere 
Both an tennas  are nonscan- 
ning,  high-beam-efficiency, 
multi-mode c i r c u l a r l y  
polar ized  horns  wi th  20° 
half-power beamwidth 
S-band co r rec t ion  ob ta ined  
exper imenta l1  
ATw 0 . 5 6 ~  0 .B 
L-band c o r r e c t i o n  n e g l i g i b l e  
-r(h) is l i n e a r  up t o   2 . 5  km 
( f i g .  2 )  
Cumula t ive  cor rec t ion  fac tor  
t o  the  appa ren t  t empera -  
t u r e  f o r  w = 3.5 m/sec 
and h = 1.4 km 
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TABLE 11.- REGRESSION COEFFICIENTS FOR  SURFACE TEMPERATURE 
T 
AND SALINITY COMPUTATION 
Regression c o e f f i c i e n t s  for computa t ion  o f .  - . " .. ~~~ .- . . .~ . 











- .003 1 929574 
. " ." 
S a l i n i t y  










. . . - . . . 
TABLE 111.- ERROR BUDGET XN MEASUREMENT OF SEA-SURFACE 
BRIGHTNESS TEMPERATURE 
E r r o r  s o u r c e  
Atmospheric and sky emiss ion  effects 
~. - 
~. - . . " - - . . 
Antenna  pa t te rn  
I n s t r u m e n t  c a l i b r a t i o n  
I n s t r u m e n t  s t a b i l i t y  
Tempera ture  reso lu t ion  
Maximum e r r o r ,  K . , . . . . . . . . 
. . . - - . 
Root-mean-square e r r o r ,  K . . . . . 
~. " 
. I  
. I  













TABLE 1V.- COMPARISON  OF  RADIOMETRIC AND SEA-TRUTH  MEASUREMENTS 




































:rror mean d e v i a t i o n  . . . . . . . 
:mor s t a n d a r d   d e v i a t i o n  . . . . . 
Erro ra  
-0 -3  
-2.2 








+I  . I  




Temperature ,  OC 



























+I  .3 
.4 
-.7 
- . I  







aError equa l s  s ea - t ru th  va lue  minus  measu red  va lue .  
bMean of v a l u e  of s e v e r a l  s u r f a c e  m e a s u r e m e n t s .  
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Figure 2 .- Atmospheric attenuation and equivalent noise temperature of the 1962 U.S. Standard 
Atmosphere for different altitudes at 1.43 GHz and  2.65 GHz. 
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Figure 3.- Brightness temperature at normal  incidence  versus  molecular 
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Figure 4.- Brightness  temperature at normal  incidence  versus  molecular 
sea-surface  temperature  for  smooth sea. f = 2.65 GHz. 
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Figure 6 .- Raw  analogue  data  record  along  flight line at 37O16 latitude. 
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Figure  7.- Comparison of remote measurements of s a l i n i t y  and temperature with surface measurements.  
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Figure 8.- Isohalines of the  lower  Chesapeake  Bay in 2 o/oo  increments on August 24, 1976. 
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Figure  9.- Temperature contours of the lower Chesapeake Bay i n  2 O  C increments on August 24? 1976. 
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